NO 2 Tyr (3-Nitrotyrosine) is a modified amino acid that is formed by nitric oxide-derived species and has been implicated in the pathology of diverse human diseases. Nitration of active-site tyrosine residues is known to compromise protein structure and function. Although free NO 2 Tyr is produced in abundant concentrations under pathological conditions, its capacity to alter protein structure and function at the translational or posttranslational level is unknown. Here, we report that free NO 2 Tyr is transported into mammalian cells and selectively incorporated into the extreme carboxyl terminus of ␣-tubulin via a posttranslational mechanism catalyzed by the enzyme tubulin-tyrosine ligase. In contrast to the enzymatically regulated carboxylterminal tyrosination͞detyrosination cycle of ␣-tubulin, incorporation of NO 2 Tyr shows apparent irreversibility. Nitrotyrosination of ␣-tubulin induces alterations in cell morphology, changes in microtubule organization, loss of epithelialbarrier function, and intracellular redistribution of the motor protein cytoplasmic dynein. These observations imply that posttranslational nitrotyrosination of ␣-tubulin invokes conformational changes, either directly or via allosteric interactions, in the surface-exposed carboxyl terminus of ␣-tubulin that compromises the function of this critical domain in regulating microtubule organization and binding of motorand microtubule-associated proteins. Collectively, these observations illustrate a mechanism whereby free NO 2 Tyr can impact deleteriously on cell function under pathological conditions encompassing reactive nitrogen species production. The data also yield further insight into the role that the ␣-tubulin tyrosination͞detyrosination cycle plays in microtubule function.
• NO) is a pervasive signaling molecule generated from L-arginine via the catalytic action of both constitutive and inducible forms of • NO synthases (1) . A large body of evidence has amassed in the last decade, establishing the operative role of inducible • NO synthase in the pathogenesis of inflammatory, infectious, and degenerative human diseases (2) . The detrimental effects ascribed to • NO often arise from its conversion to more reactive species through reactions with partially reduced oxygen species (3) .
The pathophysiological actions of
• NO congeners are primarily rooted in their capacity to alter the function of biological macromolecules through covalent modifications. A metabolite generally reflecting in vivo production of reactive nitrogen intermediates is the amino acid derivative 3-nitrotyrosine (NO 2 Tyr). Evidence for NO 2 Tyr formation in vivo was found when the free amino acid and its deaminated͞ decarboxylated metabolite 3-nitro-4-hydroxyphenylacetic acid were detected as excretory products in human urine (4) . The significance of NO 2 Tyr in vivo is highlighted further by observations that protein-linked NO 2 Tyr is markedly elevated in a broad range of human diseases and clinical disorders (5) . In vitro studies have identified a number of distinct, yet redundant, mechanisms for tyrosine nitration that underscore the general significance of this process under pathologic conditions. These mechanisms include the reaction of • NO reaction with protein tyrosyl radicals (10) , and nitrous acid (HNO 2 ) formed in acidic environments (i.e., gastric compartment and phagolysosomes; ref. 11) .
Recent studies have established that in addition to serving as a ''marker'' of reactive-nitrogen-species formation, nitration of active-site tyrosine residues can compromise protein͞ enzyme function in vitro (12) (13) (14) (15) (16) and in vivo (17, 18) . The free amino acid form of NO 2 Tyr also has been shown to alter hemodynamic responses in vivo (19) , is cleared from the circulation (t 1͞2 Ϸ 60 min; ref. 20) , and induces cytotoxicity, growth inhibition, and morphological changes in cultured cells (21, 22) . However, the mechanisms underlying these effects are not known. Based on the observed biological activities of free NO 2 Tyr, combined with its abundant production [1-120 M under pathological conditions such as rheumatoid arthritis (23) , liver transplantation (24), septic shock (25) , and amyotrophic lateral sclerosis (26)], we hypothesized that free NO 2 Tyr could mediate cellular dysfunction by its translational or posttranslational incorporation into proteins. We show here that free NO 2 Tyr is taken up by mammalian cells and irreversibly incorporated into ␣-tubulin-but no other proteinvia a posttranslational mechanism catalyzed by tubulintyrosine ligase (TTL), a process that alters microtubule function.
METHODS
Cell Culture. A549 cells, an alveolar type II epithelial cell line derived from a lung carcinoma, were obtained from the American Type Culture Collection (Rockville, MD) and cultured in Ham's F-12 medium containing 10% FBS (Ϸ40 M Tyr). Primary cultures of fetal rat lung fibroblasts (FRLFs) and type-II epithelial cells (FRLE-TIIs) were isolated and cultured in MEM containing 10% heat-inactivated FBS (Ϸ210 M Tyr) as previously described (27) . Human umbilical vein endothelial cells (HUVECs) were isolated and cultured in M199 medium containing 10% FBS (Ϸ230 M Tyr) as described (28) . Cells were initially plated at 50% confluence in
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PNAS is available online at www.pnas.org. 29) , mouse mAb against ␣-tubulin (clone B-5-1-2; Sigma; 1:3,000), mAb against tyrosinated tubulin (Tyr-Tub; clone TUB-1A2; Sigma; 1:3,000), mAb against ␣-tubulin (clone DM1A; Amersham Pharmacia; 1:2,500), mAb against DHC (clone 440.4; Sigma; 1:2,000), or mAb against dynein intermediate chain (DIC; clone 70.1; Sigma; 1:2,500) were used. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Bio-Rad; 1:2,500), HRP-conjugated goat anti-mouse IgG (Sigma; 1:3,000), or HRP-conjugated protein A (Sigma; 1:3,000) was used for detection. Proteins were visualized by enhanced chemiluminescence (Amersham Pharmacia). For immunoprecipitation, cell lysates were precleared by incubation with protein-G Sepharose (Amersham Pharmacia) for 30 min at 4°C. The supernatants were then incubated with primary antibody and protein-G Sepharose for 6-8 h at 4°C. The immunoprecipitates then were washed three times in lysis buffer, and proteins were detected as described above.
Differential Detergent Extraction of Dynein. Differential detergent extraction of control and NO 2 Tyr-treated cells was performed by using saponin and Triton X-100 as described (30) . The quantity of DIC in each fraction was determined by laser scanning densitometry of Western blots by using National Institutes of Health IMAGE 1.61, a public domain program (rsb.info.nih.gov͞nih-image).
Limited Proteolysis of Tubulin. Immunoprecipitated ␣-tubulin from A549 cells was resuspended in K ϩ Mes (50 mM; pH 6.8) and treated with either pancreatic carboxypeptidase A (CPA; 0.25 g͞ml) or subtilisin (SUB; 0.3 g͞ml) at 27°C for 30 min or 15 min, respectively. Reactions were terminated by addition of DTT (20 mM) or PMSF (2 mM), respectively.
Immunof luorescence Microscopy. A549 cells grown in LabTek II multi-chamber slides (Nunc) were fixed in methanol for 10 min at Ϫ20°C, rinsed with PBS, blocked in PBS containing 10% goat serum (1 h at 25°C), and labeled with primary antibodies (polyclonal anti-NO 2 Tyr, 1:1,000; monoclonal anti-␣-tubulin, 1:400; monoclonal anti-Tyr-Tub, 1:800; monoclonal anti-DHC clone 440.4, 1:100; all from Sigma) overnight at 4°C. Secondary antibodies were Cy3-conjugated goat anti-rabbit IgG and FITC-conjugated goat anti-mouse IgG (1:200, Jackson ImmunoResearch). In some cases, cells were doublelabeled with anti-NO 2 Tyr and anti-␣-tubulin. Nuclear counterstaining was performed by using 4Ј,6-diamidine-2Ј-phenylindole dihydrochloride (1 g͞ml). An Olympus IX-70 epifluorescence microscope, an OlymPix Digitally Cooled Camera (resolution of 1,328 ϫ 1,024 pixels), and ESPRIT software were used for imaging.
RESULTS AND DISCUSSION
To determine whether NO 2 Tyr could be incorporated into cellular proteins at the translational or posttranslational level, (Fig. 1B) . Similar results were obtained in primary cultures of FRLFs, FRLE-TIIs, and HUVECs (Fig. 1B) , indicating a common pathway of ␣-tubulin modification by NO 2 Tyr in different species and cell types. Covalent incorporation of NO 2 Tyr into ␣-tubulin was dose-dependent ( Fig. 1C ) and occurred over a wide range of NO 2 Tyr concentrations. Nitrotyrosination of ␣-tubulin was detectable when NO 2 Tyr was 1-2 mol % of tyrosine, levels easily attained in vivo (23) (24) (25) (26) . The deaminated͞decarboxylated form of NO 2 Tyr (3-nitro-4-hydroxyphenylacetic acid, NO 2 HPA) was not incorporated into ␣-tubulin.
To support the biochemical evidence of NO 2 Tyr incorporation into ␣-tubulin, immunofluorescence microscopy studies were conducted. Whereas control cells displayed minimal NO 2 Tyr immunoreactivity, the immunof luorescence of NO 2 Tyr-treated cells was highly elevated (Fig. 2, Upper) , having staining patterns consistent with microtubule distribution (Fig. 2, Lower) . To define the localization of NO 2 Tyr with ␣-tubulin, cells treated with NO 2 Tyr were double-labeled with anti-NO 2 Tyr and anti-␣-tubulin. As shown in Fig. 3 , concordant fluorescence patterns were observed for ␣-tubulin (green staining) and NO 2 Tyr (red staining), with the extent of colocalization indicated by overlaid images (yellow staining).
A unique property of ␣-tubulin in all higher eukaryotes is the reversible posttranslational removal and reincorporation of tyrosine at the extreme carboxyl terminus (31). These posttranslational modifications are mediated by a tubulinspecific carboxypeptidase that removes the genetically encoded carboxyl-terminal tyrosine (32) and a TTL that catalyzes readdition of tyrosine to the penultimate glutamate of ␣-tubulin (33). This cycle of posttranslational modification yields at least two distinct subsets of ␣-tubulin, Tyr-Tub and detyrosinated forms, that have differential cellular localization (34) and distinct functions (35) . To examine whether NO 2 Tyr was incorporated selectively into the extreme carboxyl terminus of ␣-tubulin, limited proteolysis was performed with CPA, an enzyme that removes carboxyl-terminal tyrosines without digesting tubulin further (36), or with SUB, a protease that removes a Ϸ2-kDa peptide, including residues 439-451, from the carboxyl terminus of ␣-tubulin (ref. 37 ; Fig. 4A ). A549 cells treated with NO 2 Tyr contained both NO 2 Tyr-Tub and TyrTub (Fig. 4B) . Treatment of immunoprecipitated ␣-tubulin with CPA resulted in the complete loss of Tyr-Tub immunoreactivity (Fig. 4B , anti-Tyr-Tub), as shown previously (38) , but had no effect on NO 2 Tyr immunoreactivity (Fig. 4B , anti-NO 2 Tyr), indicating that ␣-tubulin-NO 2 Tyr is resistant to CPA cleavage. Proteolytic removal of the ␣-tubulin carboxylterminal peptide with SUB resulted in complete loss of NO 2 Tyr and Tyr-Tub immunoreactivity. SUB-cleaved ␣-tubulin was immunoreactive with the ␣-tubulin antibody clone DM1A, which recognizes an epitope located outside of the SUB fragment (primarily residues 426-430, ref. 39 ), but had increased electrophoretic mobility (Fig. 4B) of TTL. In contrast to the enzymatic cleavage of the carboxylterminal tyrosine of ␣-tubulin, the data suggest that posttranslational nitrotyrosination of ␣-tubulin is irreversible. The significance of this apparently irreversible modification is underscored by evidence implicating the ␣-tubulin detyrosination pathway as an important event in cellular growth, differentiation, and motility (40) (41) (42) .
The extent of NO 2 Tyr incorporation into ␣-tubulin is decreased with lower ratios of NO 2 Tyr to tyrosine (Fig. 1C) , suggesting competing physiologic processes. Preliminary studies have suggested that at least two independent mechanisms may be accountable. First, NO 2 Tyr (50 M) partially inhibits the uptake of 14 C-labeled tyrosine into A549 cells by Ϸ25%, suggesting that transport may occur through a mechanism similar to tyrosine. It is also possible that NO 2 Tyr is transported differently than tyrosine, as suggested for the tryptophan-specific permease of Salmonella (43) . Second, incorporation of NO 2 Tyr into ␣-tubulin in cell lysates, which precludes amino acid uptake, is competitive with tyrosine (not shown). These data suggest that ␣-tubulin nitrotyrosination may be competitive with tyrosine at both the level of amino acid uptake and use by TTL.
Because microtubules, in concert with other cytoskeletal proteins, play important roles in determining cell shape, the effect of ␣-tubulin nitrotyrosination on cell morphology and microtubule structure was investigated. A549 cells grown in basal medium displayed characteristic epithelial cell morphology, forming a uniform monolayer on reaching confluence (Fig. 5, Control) , whereas cells cultured in medium containing NO 2 Tyr had distinctly altered morphologies (Fig. 5, NO 2 Tyr). Prolonged culture of cells with NO 2 Tyr beyond confluence led to apoptosis, cellular retraction, and detachment (not shown). Alterations in cell morphology were paralleled by a change in microtubule structure and organization (Fig. 5) . Whereas immunoreactivity for ␣-tubulin in control cells displayed a characteristic and uniform microtubule distribution, microtubules in NO 2 Tyr-treated cells displayed apparent decreased length, as well as increased perinuclear localization and aggregation. Similar observations were obtained with the TyrTub-specific antibody (Fig. 5) . Consistent with alterations in cell morphology and altered microtubule structure, A549 cells treated with NO 2 Tyr displayed increased permeability to [ 125 I]BSA, an indication of epithelial barrier dysfunction (Fig. 6) .
The short, surface-exposed carboxyl-terminal domain of ␣-tubulin functions as the site for regulatory interactions of microtubules with motor proteins (i.e., cytoplasmic dynein) and microtubule-associated proteins (MAP2, MAP4, and tau; refs. 44 and 45) , as well as with molecular chaperones (i.e., heat-shock proteins 70 and 90; ref. 46) . We therefore studied whether nitrotyrosination influenced the interaction of ␣-tubulin with the retrograde motor protein cytoplasmic dynein. The immunofluorescence staining of dynein in untreated A549 epithelial cells localized in a distinctly punctate pattern throughout the cytosol, with the greatest fluorescence intensity located in the perinuclear region (Fig. 7A, Control) . In contrast, cells treated with NO 2 Tyr displayed a nearly complete loss of DHC immunoreactivity (Fig. 7A , NO 2 Tyr), with remaining immunofluorescence localized primarily to the perinuclear region. The loss of dynein immunoreactivity was not caused by protein degradation or decreased protein synthesis, as Western blots of immunoprecipitated DHC or cytoplasmic DIC showed equal quantities of protein after either treatment (Fig. 7B) . A differential-detergent-extraction method was employed to determine whether intracellular redistribution of dynein was responsible for the loss of immunofluorescence. As previously reported (30) , the quantity of dynein in untreated cells was equally distributed between saponin-and Triton X-100-extractable fractions. A significantly greater proportion of DIC was present in the initial saponin extract of NO 2 Tyrtreated cells, with the remainder residing in the Triton X-100 extract (Fig. 7C) , suggesting that dynein is redistributed from a membrane-bound compartment to a more readily extractable cytoplasmic pool. These data suggest that intracellular redistribution of cytoplasmic dynein is a consequence of decreased affinity of the microtubule-interacting domain of DHC (47) for the structurally altered nitrotyrosinated carboxyl terminus of ␣-tubulin (44, 45) . Alterations in microtubule association of cytoplasmic dynein that lead to intracellular redistribution may severely compromise dynein function in organelle transport (48) . Several lines of evidence suggest that posttranslational nitrotyrosination compromises the function of the surfaceexposed carboxyl-terminal domain of ␣-tubulin. First, in contrast to the enzymatically regulated carboxyl-terminal tyrosination͞detyrosination cycle of ␣-tubulin, incorporation of NO 2 Tyr is resistant to cleavage by CPA. Therefore, cellular processes such as growth, differentiation, and motility that require ␣-tubulin detyrosination (34, (40) (41) (42) may be compromised by nitrotyrosination. Second, nitrotyrosination of ␣-tubulin disrupts binding of microtubule-associated proteins (i.e., dynein; Fig. 7 ) and induces alterations in microtubule organization (Fig. 5 ). These observations may be attributed to the significant changes in the ionization state and steric restrictions imposed by the NO 2 group in NO 2 Tyr. Moreover, observations indicating that the antibody specific for Tyr-Tub does not bind nitrotyrosinated ␣-tubulin (Fig. 4B ) suggest that incorporation of NO 2 Tyr invokes conformational changes, either directly or via allosteric interactions, in the carboxylterminal domain of ␣-tubulin. Nitrotyrosination of ␣-tubulin thus seems to alter binding of microtubule-associated proteins, which can result in altered microtubule assembly and organization (49) .
In eukaryotic cells, tubulin heterogeneity is generated at the genetic level and is broadened considerably by posttranslational modifications, including tyrosination, phosphorylation, polyglycylation, polyglutamylation, and acetylation (31) . All of these posttranslational modifications are mediated enzymatically and are reversible, and all but acetylation occur in the short carboxyl-terminal domain that extends from the microtubule filament into the cytoplasm (31) . Previous in vitro studies showing TTL-catalyzed incorporation of structurally altered tyrosine derivatives such as 3-iodotyrosine (50), 3-fluorotyrosine (51), and 3,4-dihydroxyphenylalanine (52) into ␣-tubulin illustrates the promiscuous substrate specificity of this unique enzyme system. Our observations illustrating nitrotyrosination of ␣-tubulin in cellular systems reinforces this tenet and advances this concept into one with significant pathophysiological implications. The consequences of ␣-tubulin modification by tyrosine derivatives also may be extended to include 3-chlorotyrosine and 3-bromotyrosine, characteristic products of the myeloperoxidase and eosinophil peroxidase systems of phagocytes that are formed both in vitro and in vivo (8, (53) (54) (55) . Collectively, the enzymatic incorporation of nitrated and halogenated tyrosine derivatives into ␣-tubulin thus illustrates a distinct mechanism of tissue injury during inflammation.
These observations illustrate the role for NO 2 Tyr in altering microtubule structure and function via posttranslational incorporation into ␣-tubulin and suggest a distinct mechanism to explain the previously observed biological effects of free NO 2 Tyr (19) (20) (21) (22) . The irreversibility of this process underscores the potent influence that nitrotyrosination of ␣-tubulin can have on microtubule functions in disease processes that encompass pathologic roles for nitric oxide and oxidative stress. Cytoskeletal reorganization and disruption, as well as nitration of cytoskeletal proteins, are associated with oxidative stress and inflammatory injury (56) , with the present results providing one explanation for these observations. Further investigation into the impact of ␣-tubulin modification on cell and organ function by tyrosine derivatives will yield insight into both mechanisms of inflammatory injury and the role that the ␣-tubulin tyrosination cycle plays in microtubule function.
